We report an angle-dependent study of the magnetic torque τ (θ) within the vortex state of singlecrystalline LaO0.9F0.1FeAs and SmO0.9F0.1FeAs as a function of both temperature T and magnetic field H. Sharp peaks are observed at a critical angle θc at either side of θ = 90
The recently discovered superconducting (SC) Fe oxypnictides [1, 2] are characterized by high upper critical fields [3] , or small superconducting coherence lengths, relatively small anisotropies [4] and apparently, high superconducting critical currents [5] . Nevertheless, to date the important properties of their mixed state have been little explored. In the RLaFeAsO 1−x F x (where R is a rare-earth element) or 1111 compounds, it was found that the main contribution to the pinning of the vortex lines comes from the collective pinning by the dopant atoms, whose local density variations would seem to lead to strong pinning [6] .
These compounds are composed of alternating layers of SC and non-SC material, which leads to anisotropic electronic properties both above and below the SC transition temperature T c . For strongly coupled layers, the superconducting pair amplitude is just weakly modulated by the discrete structure. Thus, the coherence length in the direction perpendicular to the planes ξ c is much larger than the characteristic inter-planar distance c, and the system is well described by a continuum model with an anisotropic mass tensor [7] . If the coupling between the SC layers is weak, this pair amplitude is large only on the SC planes, and one could have a situation where ξ c < c, and where the discrete layers would be coupled by the Josephson tunneling [8] . In the strong coupling case, a magnetic field parallel to the SC layers generate vortices having a core region of suppressed SC of size ∼ ξ c × ξ ab spanning several layers. While in the weak coupling limit the core of the vortex line fits between the planes, where the pair amplitude is small. If one increases the component of the field H ⊥ perpendicular to the layers, the vortex lattice remains in a "locked-in" state with the magnetic flux lines trapped by the layers until H ⊥ creates normal cores on them. Above this threshold field, the tilted flux lines would pierce the layers forming a staircase pattern of kinked vortices [8] .
Remarkably, for fields aligned along the ab-plane and upon cooling below a certain temperature T ⋆ , a recent electrical-transport study [9] in both the SmFeAsO 1−x F x and the LaFeAsO 1−x F x compounds found a dramatic decrease in critical current densities (J c ) for currents flowing along the c-axis. T ⋆ corresponds to the temperature at which the inter-planar coherence length matches half of the c-axis, implying that the vortices fit in between the SC layers. This observation is interpreted as evidence for a transition from well-pinned and slow moving Abrikosov vortices at higher temperatures, to weakly pinned and therefore fast flowing Josephson-vortices at T ≤ T ⋆ . This contrasts with the small SC anisotropy of these compounds. The phase core of such Josephson vortices avoids the large SC order-parameter in the FeAs layers, which effectively generates a potential barrier impeding the flow of Josephson vortices perpendicularly to the layers but not along them as seen in Ref. [9] , creating a situation analogous to the "locked-in" state. When the field is slightly misaligned with respect to the ab-plane, Refs. 5 and 9 find a dramatic enhancement in J c due to strong pinning of the metallic cores of Abrikosov vortices. These observations imply the existence of a lock-in transition from a lattice of Josephson-vortices for fields along a planar-direction to an Abrikosov vortex-solid as the field rotates towards the c-axis.
In order to provide thermodynamic evidence for such a transition, here we present a detailed angle-dependent study of the magnetic torque • .
very close to 90
• and as the field is rotated away from the ab-plane. The torque increases fast as θ is moved away from 90
• , until a critical value for the component of the field perpendicular to the layers H c ⊥ is reached, indicating that the vortex lines were originally locked in-between the superconducting planes. At H c ⊥ the vortex lattice would have to undergo a transition towards a kinked vortex structure. We observe a succession of smaller replica peaks in τ (θ) as θ is further displaced away from the abplane suggesting a cascade of transitions among kinked vortex configurations. Details concerning samples and experimental set-up can be found in Supplemental Material [10] .
Figure 1 (a) shows the magnetic torque as a function of the angle θ measured in a LaO 0.9 F 0.1 FeAs single crystal, and respectively for increasing and decreasing θ sweeps at T = 1.5 K and H = 5 T. A large hysteresis is observed between increasing and decreasing angle traces which, within the Bean model, [11] is proportional to J c . Here, we will not discuss this aspect. Instead, we focus on the observed sharp peaks for θ very close to the inter-planar direction, which for each trace is placed respectively at θ c ∼ (90 ± 1)
• . Very similar features were previously observed in the cuprates [12] , and in less anisotropic materials [13] for H along a planar direction, and in both cases attributed to intrinsic pinning. At higher T s, in addition to the contribution from the various vortex pinning mechanisms leading to the hysteresis observed here, τ (θ) is dominated by the orbital contribution of the vortex lines analyzed by us by using a modified version of the Kogan equation, with the resulting SC parameters (such as the SC anisotropy γ ∼ 10) and analysis given elsewhere [14] . The critical lock-in depinning angle in anisotropic and Josephson coupled layered superconductors is predicted to follow [8, 15] :
where L z /L y ∼ 10 −1 − 10 −2 is the ratio between the thickness and the length of the single crystal (of dimensions ∼ 5 × 60 × 75 µm 3 ), α is constant of the order of the unity, H c c1 is the SC lower critical-field for fields along the c-axis, d is the inter-lattice spacing, γ = (m c /m ab ) is the GL mass anisotropy, with ξ ab being the in-plane coherence-length, and λ J = γd is the Josephson length, respectively. For mildly anisotropic cuprates such as YBa 2 Cu 3 O 7−δ , in the range of fields used for our measurements, this expression predicts θ c (T ) ∼ 0.1
• − 1
• with respect to the ab-plane [8] , as seen by us in LaO 0.9 F 0.1 FeAs. Nevertheless, given their relatively small anisotropy [4] it remains unclear if Eq. 1 Fig. 1 (a) . τR(θ) was obtained by fitting τ (θ) to a polynomial within a limited angular range. As in Fig. 1 (a) blue and orange lines depict traces for field-increasing and decreasing sweeps, respectively. Notice i) the reproducibility of the oscillatory structure and ii) how their amplitude decreases as H is rotated towards the c-axis (θ = 0 • ). Each oscillation in a given trace is slightly displaced in angle relative to its counterpart on the other trace. (b) Field dependence of twice the critical lock-in angle 2 θc for a second LaFeAsO0.9F0.1 single-crystal at T = 8 K.
is appropriate for the Fe arsenides. Fig. 2 shows the residual torque signal τ R (θ) after fitting both τ (θ) traces in Fig. 1 to a polynomial and subtracting it from the original τ (θ) data. As seen, very sharp and pronounced features are observed in both traces, and their amplitude decreases as the angle is swept towards θ = 0
• , as if they were replicas of the most pronounced features seen at θ c . As clearly indicated by the colored arrows, features seen on one of these traces are also observed on the other one as if reflected on a mirror but slightly shifted in angle. These reproducible and sharp features seen in the hysteretic response can only correspond to pronounced changes in the pinning forces and/or concomitant pinning mechanisms.
In order to clearly expose the finer structure seen in τ (θ) as θ → 0
• , Fig. 3 (a) displays τ R (θ) on a limited angular range, i.e. 0
• ≤ θ ≤ 80
• after the subtraction of the slowly varying background in Fig. 2 . Again, each oscillation seen in one of the traces is replicated by a similar To demonstrate that the above observed features are intrinsic to the RE FeAsO 1−x F x series, we have also measured τ (θ) for a SmFeAsO 0.9 F 0.1 single crystal under a field H = 2 T and for several temperatures, as shown in Fig. 4 (a) . Sharp peaks near to θ = 90
• , as previously observed in the La compound, are also seen here. Their T dependence is given in Fig. 4 (b) , where θ c is seen to follow a ∼ T −1 dependence. This is consistent with Eq. (1), since θ c should depend on temperature as H c c1 ∝ λ −2 ∝ n s where n s is the superfluid density, thus increasing as T is lowered. Notice that θ c decreases quickly as T increases and becomes basically unobservable above T = 8 K. As discussed above, and in Ref. 9 , the inter-layer coherence length ξ c increases with T and above a temperature T ⋆ ∼ T c /2, ξ c becomes larger than c/2. For H applied along a planar direction this leads to a transition from Josephson to pinned Abrikosov vortices, explaining the disappearance of the lock-in transition as T increases. As shown in the Supplemental Material [10], a fine periodic structure superimposed onto τ (θ) is also observed for this compound and it disappears as either H or T increases, as expected from the above discussion.
In very anisotropic superconductors the SC orderparameter is expected to exhibit strong oscillations with the period c. Fields along a planar direction, forces the vortex lattice to accommodate itself to the layered structure so the vortex cores come to lie in between the superconducting layers. This scenario is expected to be valid in the limit ξ c c/2, which in the present case has been shown to occur when T ≤ T ⋆ . [9] But, as the field is tilted, vortices having a phase core of dimension ξ c × ξ ab are expected to undergo a kinked structure through a first-order phase transition [15] (lock-in transition) when crossing the superconducting planes and develop normal cores of dimension ξ 2 ab within the planes. The sharp anomalies seen for fields nearly along a planar direction are thermodynamic evidence for a sharp change in pinning mechanisms thus being consistent with this scenario.
Furthermore, through electrical transport measurements we have found that as a field precisely aligned along the ab-plane is varied, both the resistivity and J c display marked oscillations [17] . The maxima in critical current density is observed where the resistivity displays a minima, while its minima is observed at the maxima of the resistivity (maxima of dissipation), indicating that the vortex-lattice undergoes a series of transitions among commensurate and therefore locked-in configurations of Josephson vortices. The periodicity of the oscillations in the resistivity are consistent with so-called "lock-in" oscillations observed in magnetization measurements [18] in high purity YBa 2 Cu 3 O 7−δ single-crystals for fields parallel to the layers. These were attributed to commensurability effects between inter-layer spacing d and the average vortex distance ℓ = nd along the inter-planar direction for a triangular vortex lattice. In the case discussed here, one also expects to induce a series of transitions among commensurate vortex configurations as the intensity of the field along the SC planes is varied by varying the angle. However, our situation is far more complex since for θ > θ c one stabilizes kinked vortex structures, which as illustrated by Fig. 5 would be composed of segments of Josephson vortices in between the superconducting planes, whose separation is adjusted discontinuously in order to match a few lattice spacings ℓ = nd [16] , and become Abrikosov vortices when piercing the superconducting planes. By tilting the field away from the superconducting planes, one i) shortens the length of the Josephson segments, ii) increases their separation ℓ and iii) increases the density of Abrikosov vortices piercing the superconducting planes (See Figs. 5 a and 5 b). Our periodic structure could correspond to evidence for a cascade of transitions among kinked but commensurate vortex configurations [19] .
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